The tolerance of maize and other grass plants to chloroacetanilide herbicides such as metolachlor results from a GST-mediated detoxification of these herbicides (Gronwald, 1989; Timmerman, 1989 The purpose of this study was to characterize the subscellular localization of maize GST activity responsible for the metabolism of endogenous and herbicidal substrates and the regulation of GST activity by the chemical treatments. Our specific objectives were to: a) characterize the specificity of soluble and microsomal GST activity extracted from the maize hybrid 'Northrup-King 9283' using CDNB, metolachlor, and frans-cinnamic acid as substrates; b) determine the effects of the safener benoxacor, the herbicide metolachlor, and the combination of metolachlor and benoxacor (CGA-180937) on maize GST activity utilizing the aforementioned substrates.
Materials and Methods

Chemicals
The chemical structures of the three GST sub strates used in this study as well as of the safener benoxacor are shown in Fig. 1 St. Louis, Missouri, U SA , and Fisher, Pittsburgh, Pennsylvania, U SA .
Plant material and chemical tretaments
Seeds of 'Northrup-King 9283' corn maize were rinsed for 5 min with tepid tap water, blotted dry, and placed on three layers of paper towels in 2 0 x 20 cm plastic containers with tight fitting lids. The paper towels were saturated with distilled water (150 ml) and seeds were allowed to germinate for 72 hr in a dark growth chamber at 30 °C. To deter mine the influence of benoxacor, metolachlor, or their formulated combination (CGA-180937) on GST activity, maize seeds were prepared as above with the inclusion of 1 |im benoxacor, 30 m eto lachlor, or 30 |iM CGA-180937 in the imbibing so lution. Etiolated maize seedlings were 3-day old at harvest time and used in all subsequent studies. 
A ssays o f G S T activity
GST activity was assayed using CDNB, metolachlor, and fram'-cinnamic acid as substrates. CDNB-specific GST activity in soluble and micro somal extracts from unsafened, benoxacor-treated (1 |i m ) , metolachlor-treated (30 [x m ) or CG A -180937-treated (30 ^im) maize tissues was deter mined according to Mannervik and Guthenberg (1981). The reaction mixture contained 30 |.il of the enzyme extract, 2 ml of 1 0 0 mM potassium phosphate buffer (pH 6.9), 0.9 ml of 3.3 mM GSH, and 100 ^il of 30 mM CDNB. The mixture was incu bated at room temperature (25 °C), and the reac tion was started by the addition of CDNB. The change in absorbance due to the formation of GS-C D N B conjugate was measured spectrophotometrically at 340 nm. GST activity was calculated and corrected for nonenzymatic conjugation according to Mannervik and Guthenberg (1981) .
GST ( Protein concentration in tissue extracts was de termined spectrophotometrically at 280 nm ac cording to the method of Bradford (1976) using BSA as a protein standard.
Results
Soluble and m em brane-bound G S T activity in m aize seedlings
GST activity detected in maize shoots was both soluble and membrane-bound (Tables I and IV) . The subcellular distribution of GST activity re vealed a substantial membrane-bound GST(metolachlor) activity (Table I) brane-bound GST(metolachlor) activity. Such a study might provide further insight on the basis of metolachlor selectivity. Shoot extracts of Northrup-King 9283 maize were evaluated for GST activity utilizing [I4 C]rrans-cinnamic acid as substrate. Following the incubation of soluble and microsomal GST preparations with radiolabeled cinnamic acid and glutathione (GSH) for 60 min, thin-layer chroma tography (TLC) analysis revealed three major m e tabolites which were consistent with those ob served by Edwards and Dixon (1991). Based on their relative mobilities, these products appear to correspond to the glutathione-conjugate of transcinnamic acid (R f 0.16), the cysteine-conjugate of trans-cinnamic acid (R f 0.38) and an unidentified metabolite of trans-cinnamic acid (R f 0.63), (Table II) . A small poriton (2.25 to 2.5% ) of the radioactivity recovered by TLC analysis remained near the origin. The formation of glutathione and cysteine conjugates of frans-cinnamic acid in microsomal extracts was 2.38-fold and 3.74-fold greater than when soluble extracts were used in these reactions (Table II) .
These results are in agreement with previous re ports demonstrating membrane-bound GST activ ity in monoct and dicot plants. Membrane-bound (microsomal) GST activity was first described from cell cultures of Phaseolus vulgaris and Pisum sativum (Diesperger and Sandermann, 1979). These preparations were quite active in catalyzing the conjugation of cinnamic acid with GSH but did not catalyze the conjugation of metolachlor with glutathione. Similarly, microsomal fractions from cell cultures of Black Mexican sweetcorn (Zea mays L.) were reported to have glutathione S-cinnamoyl transferase activity but were not tested for GST(metolachlor) activity (Dixon and Edwards, 1991).
Effect o f Triton X-100 on Glutathione S-cinnamoyl transferase activity o f m aize
Washing the preparations with the bound GST with 0.1% Triton X-100 caused a significant increase in glutathione S-cinnamoyl activity as in dicated by the 1.61-fold increase in the amount of 1 4 C-label recovered as the GS-conjugate of cin namic acid (Table III) . Detergent treatment may be removing the peptidase responsible for the ca talysis of the GS-conjugate to the cysteine-conjugate, resulting in the observed decrease of that m e tabolite and the associated increase in the GSconjugate (Table III) . Interestingly, treatment with Triton X-100 caused a significant decrease in the amount of 1 4 C-label recovered in the cinnamic acid metabolite migrating to Rf 0.63 and an increase in the percent radioactivity recovered at the origin (Table III) . This indicates that the en zyme catalyzing this conversion is either a cyto solic contaminant associated weakly with the microsomal preparations used in our studies or sensitive to the detergent Triton X-100. 
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Effect o f benoxacor and metolachlor treatments on m aize G ST activity
The influence of metolachlor, benoxacor, and the metolachlor/benoxacor mixture (C G A -180937) on soluble and membrane-bound GST ac tivity of maize shoots is shown in Table IV Membrane-bound GST(metolachlor) activity was not influenced by any of the metolachlor or benoxacor treatements (Table IV) indicating that GST activity in this fraction is distinct and has not been substantially contaminated by cytosolic GST. In contrast, membrane-bound G ST(CDNB) activ ity was enhanced by 33-50% by all chemical treat ments. This suggests that these microsomal prepa rations contain an inducible GST isozyme which can be measured with CBNB as substrate and may not possess GST(metolachlor) activity.
Membrane-bound GST(CA) activity in extracts from maize shoots apppeared to be about 3-fold greater than soluble GST(CA) activity (Table IV) . This is in agrrement with the results of Edwards and Dixon (1991), who showed also a 3-fold greater microsomal GST(CA) activity in cell ex tracts of black Mexican sweetcorn. Treatment with metolachlor, benoxacor or their combination (CGA-180937) did not alter soluble GST(CA) ac tivity in maize shoots (Table IV) (Table IV) .
Discussion
Overall, the results of the present study confirm the presence of multiple GST activities in maize, which differ in their substrate specificty and inducibility by safeners or other chemical treatments. (1995), P ro p erties of a m aize glutathione 5-transferase th at conjugates coum aric acid and o th er phenyl propanoids. Plant Physiol. 108, 985-994.
